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OUTI_INE OF Tt_STI _ROGRAM

The three aims of this program -

I. Determine fatigue lives under conditions susceptible to

statistical treat__.ent and pertinent to use in. mechanical

drive syste._0_s.

2. Determine significant effects of fabrication procedures and

some environn'._er_ta! conditions on fatigue lifeo

3. Evaluate the application of the metal fatigue life computatior-

and devise a method valid for sea._less plastic belts -

are accomplished in 3 phases -

A. Determine and correlate fatigue lives of polyester belts

to develop a Istigue life curve.

B. _"_ az d ct,rre!ate effects of environmental and fabrication

•conditions.

C. Evaluate po!yimlde belts usir._gthe techniques of Phase A

_ith a small number of samples.

The'work itself is divided into two classes:

I. Hardware for fabricatioz_ and test.

2. Statistics of test _r_ethods and data reduction.

Each of these major points is discussed and conclusions

drawn in the final report.

" i .... .... " ......... " .,, " _''_ ....... ....... :-. • _.-_
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SUMMARY

Some of the ter_'ns used _n this report may r:ot be common, to the

readers' vocaba!ary, but are used in the inte_,est of eli:.ni__atir_gambiguities°

The glossary of te_ms in the back should be a preface to co:nprehensive

reading of-this report.

This test is co::z,zer:_ed wi!b sea_less belts .of ai:%nos_ pemfecti-y

cylindrical shape, fo___ne_ fro_: a sheet ei plastic ffi:_. Be.lt dlme:_s!or_s _.a f

rar:ge inlength from !" to 105"_ in width from o04" to 1.75"_ and it- several

thic_.esses from o0005" to .0].45", of which selected sa_p!e sizes were

tested.

Sea_.less be!ts._ fabricated fr:_ . ....... ..-__ po!yesier az_d po-vimide film, were

tested fo_ iatigue life and *.he test results aralTzed to provide more

adequate ua.._ " r '._ .'abKi_y ana!Tsis tha-.__ was pre-:_!o-:sly available. The.

test procedures ar.d the equ!p.._._,_._ used to deterz:i::e _.}_e fatigue life are

described, There is also a description of the _-_..... c._.uus ar.d equiptnent used

to fabricate the belts. Each test Was dlscor, tir_.ned if a belt survived 108

cycles. Fatigue failures r

described in the report.

esu!ted it- broker:, belts befe.re this limit and are

A method for Con_p-ating the fatigue life of these belts was deduced'fro_

data provided by an ear!i_r report by Licht& White {1) on polyester film

belts. This method is des,-r_bed but was found to be uns'_itable under so_e

loading conditions. A variation of the previous m_ethod was developed and

it provides an adequate fit over a range of !oadJngs which is g-"eater than wi!l
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be ercountered in practical applications.

Two phases (A, C) of the test program were devoted to tests to

redetermine the fatigue life curve; Phase A being a:_ extensive test of

polyester film, arm Phase C being an abbreviated eva/uatior: of poly!mide

film. A relationship betwee- the en@urance limit and the b'as of the fluc-

tuatlng load was de_-eioped for each material tested. The fatigue data are

presented as a series of fatigue curves_ each represer_ting a giver- survival

level at a known confidence level. The stress range scale was normalized

and named the stress ratio. The probability of suiviva! _"r_;iiabi!ity") is _s

deduced from the samedata.

The second phase (B)of the test progran_ prov'ded data or_ the effects

on polyester belt fatigue life, of fabricatior_ and --" _-,_ ,-er_, lr ....... __,.al variables

The results of this test phase indicate that the best fatigue ilfe is achieved

when thin, narrow belts are used and that t}_ere is a +_s__ o._g ir:teraction

between heat treat time and length-to-width ratio.

The materials tested in this program were represented by DuPont

Mylar for polyester and DuPont Kaptor_ for po:ylmide.

. . . .

The report is followed by a Bibliography, a Glossary of Terms,

an Appendix containing the test data and fatigue life work sheets with

calculation procedure.
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PURPOSE • . . _ . . -

Seamless belts fabricated of plastic film have been used widely!in tape

recorders for space applications. This in turn has created a need for more

adequate data to be used in reliability analysis. A test program was u::der-

taken to develop this data in respect to the fatigue life of these materials.

This progra:n }lad three aims: (I) to determine the fatigue lives under

conditions susceptible to statistical treatment; (2) to determine whether an V

of the fabrication and some of the environmental conditions have a si_nlfi:ant

effect on the fatigue life; (3) to determine whether a fatigue life co._n_putation

method adapted from that used for metals was valid °and if not, to devise a

valid method.

The first aim Of this test program is designed to prov'de data in a form

which permits standard statistical analytical techniques to be applied. The

a _" "pp_:catzon of these techniques makes it possible to determine the fatigue

curve for a given survival level, and the confidence level ef the curve.

Additionally, the test data provides information about the beha_,ior of the

endurance limit stress range as a function of load bias.

In other •literature, fatigue data are usually presented as a curve

showing the relationship between a variable stress (stress range) and the

corresponding life (incycles of stress.) The reported variable stress is

either a fully reversed stress or a unidirectional stress. It is "understood"

in the field that this curve represents the life that the material should

exceed, at the level of stress range selected. That is, the curve

Page 4



significantly. The net effect of these changes in the properties on the

fatigue life is not known° This test program determines which of these

factors has a statistical!v sig__ificant effect upon the fatigue life of these belts.

This is dorze over a wide range of values of the several facters to determine

whether a significant change in fatigue life results.

The third ai_ of this test program is to determi=_e the va_dity of

computing fatigue life under combiP_ed stresses using methods similar to

those used for metals.

The report on polyester fil__n,belts by Licht & White (i) included a

fatigue life curve° These tests were all run at one level of installed stress

and with various ratios of pui!ey diameter to belt thickness and the curve is

not directly usable for other i_.zstal!edstresses. The report did not state

explicitly which thickr_esses were tested, nor what tP-e actual lives were.

Previous to this program, an attempt was made to generalize the

Licht & White data by adapting a stress combi=_ation diagram which is used

for metals. This method of life computatio_z was checked against reports of

our premature failures and showed a good c°rrelati°nbetween predicted and

actual lives. Some belts did fail much sooner than this computation predicted.

This was "explained" as resulting from damage occuriP_g during installation

of the belto The above data was obtained with unidirectional bending on a

two-pulley system; however, belts are frequently applied in a serpentine

Page 6



_.;_L_,,2/_.;_._:_{._._,_,_;_._,_;.L_,_,i__:_-_:_.'_:_, ¸. _LG_._:_E:_:_,_'-_:__-_.b_;-_-_ _ "_ :___._

represents the lower envelope of the lives. Occasionally, a pair of curves

is presented which represent the upper and lower limits of the lives to be "

expected; some of these show the actual test points i._ a scatter plot. All

are usually plotted by visual estimation° The surviva_ level and its

as_ociatcd confidence level for a given curve are v_ot l_._own, az_d the user

does not have the time or the facilities to determi::_e them. It should be

remarked that o_.ly recently has the _eed for extreme reliability and the high

cost of premature failure required more detailed 'it_formation about the

fatigue curve and its associated confidence level.

The fatigue stresses which occur in practice are frequently

unsymmetrical, and there are several stress combination diagrams which

have been used to obtaiP, an equivalent stress range with which to enter the

fatigue curve. These diagrams give different results, and the user is

forced to assume that one or the other is representative Of the material[zi

question. The effect of load bias or_ fatigue life is equal it.importance to

the effect of stress range, ar:d bcth must be used in cor:junction to determir{e

position on the fatigue life curve.

The second aim of this test program is to evaluate the effect of a

number of fabrication and environmental factors. The fabrication of these

plastic film belts requires that the material be subjected to strains which

approach the ultimate value, and the material is subjected to heat treatment

at an elevated te:mperature. It is not known wl_ether ar.y of these factors

have a deleterious effect upon the fatigue life. In use, these belts are

, I
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path, a loading pattern bias which is well outside of the range tested° It"

was felt that experimental data in this area was needed_ and if the above

method of combining stresses were valid, the experimental data over this

wider range of loading patterns would provide verification of the method. If

the results were a_ornalous, the above method would be shown to be invalid_

and the data to develop a'valid method would be available. In any case_

the third aim of this test program would be met: namely, a valid method of

calculating the life of plastic film belts would be developed with experimental

confir mation.

¢.
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METHODS USED IN THE PROGRAM .....

The methods employed in this test program to determine the fatigue

life characterlsticsof the plastic film belts can be divided into two classes:

first, the hardware with which to fabricate and •test the fatigue lives of these

belts; second, the statistical approach and tech__iques, to determine the test

conditions robe used, and to obtain the maximum amount of useful informa-

tion from a limited testing program. These methods are detailed in separate

sections on Fabrication, "Testing, and Analysis and Statistics. -.

The hardware for fabrication was determined by the choice of constant

stress (loaded area of the belt maintained at constant psi)_ constant strai_

(belt stretched at constant speed) and drape forming (proprietary) methods

for producing belts. Basic hardware for these methods was in use, but

modifications for more exact control of variables was necessary. The

testing hardware was determined by considering the normal belt applications

and operating conditions, including stress range, crowned pulleys, and

stress cycles/rain.

The constant stress method proved difficult to control a_d was dropped

entirely. (See Fabrication section. )

constant strain method only; however,

Phase A belts were made by the

in Phase B, this method required

some excessively long fabrication times (3 hours) and was discontinued. All

Phase B and.C belts were fabricated by the drape method. All belts were

edge trimmed to eliminate' the width variation as formed, which is con-

Sidered to be an unacceptable variable in our applications.

............. " ........................... . ...............
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The first and third 'aims of xhis test program were accomplished in

Phases Aand C. In these phases, all of the fabricating variables except

belt thickness were held constant at typical values. Therefore, the only-

variables tested were material thickness and loading pattern. Each set

of conditions was tested five times (five replications). The data was

reduced and combined by the statistical techniques explained in the Analysis

(pg, 34). These results were analTzed and reduced to produce the fatigue

life curves and computation method of Appendix C (Pg. 68)_ A full explana-

tion of the above is included in the Analysis (Pg. 34).

The second aim of this proEram was accomplished in Phase 13 by the

simultaneous testing of eight variables, in polyester belts only, then

correlating the results in terms of statistically •significant effects on belt

fatigue life. The proper combina:ions of conditions can be selected such

that each variable can be treated,

variables had been held constant.

analytically, as though all the other

Thus, eight variables can be tested in the

same number of tests required for one variable. "This method of selecting

combinations of conditions is called factorial testing.

To minimize the influence of unknown or uncertain factors on test

results, the tests were performed and belts made in a random sequence

developed by assigning numbers t_ each and using a table of random num-

bers to decide the sequence. •
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C ONCLUSIONS AND- R E C OMMENDA TIONS

The results of the tests performed in Phases A and C as shown

Appendix A (Pg° 55) indicate thai proper application of belts .can result in

long fatigue life (greater than 108 cycles).

cycles., and 16% of the tests ran this long.

Appendix C (Pg. 68) includes the material required t_ calculate

l I0 8Tests were terminated at

fatigue life for polyester and polyimide film belts, and has been written so

that it can be used without further reference to the text. The procedure

is written to give some suggestion of the statistical implications of the

numerical results without obscuring the mechanics of the calculation. Biank

work sheets, Figures 13 and 14, can be reproduced as needed. Two typical

sample problems are shown in Figures 19, Z0, 21, and Z2. The method

illustrated in this Appendix is universally applicable since it is based on a

range of loading conditions which is wider than would be encountered in

practice and the confidence level of the result is l_nown.

In developing the method for computing fatigue life in Phase A, an

element of major importance was realized -- i.e., belt life is found to

correlate with the stresses developed in the side in contact with the pulleys.

This raises a question when a belt is being run through a pattern with both

sides in contact during a cycle (serpentine). Which side should be

considered in determining the fatigue life, as both sides may not have the

same stresses? The results are found to correlate if the lives of both are
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calculated and the lowest of the two is taken as the belt life, which is

reasonable, since failure of one side will precipitate complete failure.

For application, the results of Phases A and C indicate the fatigue life of.a

plastic film belt to be determined by the minimum stress and the range of

stresses each point experiences in an operation cycle. If all else is

constant, decreasing the minimum stress or the stress range will result

in an increased fatigue life.

In practical ipp!ications, a method used to decrease the minimum

stress (i.e., increase belt thickness) will result in an increased bending

stress as the belt passes over the pulleys, thus increasing the stress range.

The fatigue life may be optimized by "trading off" stress range and minimum

stress. A most effective way to increase fatigue life is to increase the

pulley size. This decreases the stress range, the installed stress to transmll

torque, and the stress due to torque transmission° In general, the "trade-

off" technique must be used to optimize a whole system.

In Phase A, each of the test runs consisted of only five replications, as

an economic compromise between number of replications and proper cover-

age of the range of load conditions. Consequently, the final curves do

include a considerable allowance for sampling variation. A significant

increase in the number of replications would offer two distinct advantages.

The allowance for sampling variations could be reduced, and an increase in

predicted life by a factor of two, but certainly less than three, could result.

Of even greater value would be the extension of the minimum expected life

2g SO. PASADENA AVE., PASADEI_A, CAUFORIW,_ page I1



prediction to a larger sample size _improved prediction of reliability).

In the present test, the results of one failure in five have been extrapolated

to predict one in ten. These commer_ts are or.ly partially applicable t0the

results for polvimide film (Phase C)o There were or-_y five sets of test

runs (5 replications each) made over a relatively narrow range of load

conditions with this material. In this range, the era_durance limit stress range

was 35%o higher than for polyester film. The star dazd devia1:ion and

sampling variation of both materials were so neariy equa! that it was felt

that the behavior of the polyimide film Could be extrapolated as a constant

ratio from that of the polyester film.

It has been deternqined that this 35% increase in endu_-ance limit stress

range is reflected as a fivef01d or more increase in fatigue life, on direct

substitution of polyimide data into the life calculations. Cor_sequently, it is

felt that a more extensive test program for po!yimide film _,ould be justified.

Further testing of polyimide film should be considered as f-__ndamental

information and not as a ramification of thSs report. _As such it should

include an intensive stress study analogous to Phase A and a factorial test

analogous to Phase B. This latter test should consider the variables:

thickness, width, length_ elongation (of iF_reefedge},formin_ time, forming

temperature, cycling rate_ operating temperature° This f_-ctorial test would

ideally precede the other portions of the test program to o%,rain the best

results, since Polyimide film is relatively u__familiar.

In Table 3 (Pg. 65), the results of the analysis of P ....se B considering

-_ r . " _ _ " - i
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the variables individually, are tabulated as variance ratios. These ratio

values, considered as a statistical rating of relative importance to fatigue

life, can be separated into three groups. Two variables have ratios

exceeding five; five variables have ratios appreciably less than one; and the

eighth variable has an intermediate value of I. 4. Interestingly enough,

this inter_r_Zia[e value is known from Phase A to be significant. Based on

the more extensive tests of Phase A, we would expect a 58_ reduction

in fatigue lif.eat the higher stress ratio, while this test sho'.vs only 22%

reduction. This sort of difference is not unexpected with data which have

such a large variability. This variable (stress ratio) canbe used as a

criterion for judging the other tests.

The two variables which sho_ definite significance are the material

thickness and the length-to-width ratio. Here the length-to-width ratio

implies width alone, since the ]_ength was held fixed and elongation was not

a significant variable -_,_.Both an increase in width and an increase in

thickness effect a reduction in life. Th{s is consistent with the current

theory that the Strengths at points are "normally" distributed and, there-

fore, the weakest point in a large sample will probably be _veaker than the

weakest in a smaller sample.

it would appear that, other things being equal, the minimum cross-

sectional area required will result in improved fatigue life, and in this

respect, urmecessary material would be a detriment. There is a strong

implication that the volume of stressed material is the sig=ificant factor

and that the life may also be related inversely to length.

i_ _ ....i _ (*statement to be used again) 13'Page <



The effect of length-to-width ratio and thickness should be further

investigated to define clearly the effect of these variables which are impli-

cated so strongly by the statistics. The length-to-width ratio should be in-

vestigated to separate or correlate the effects of length or width alone, and

all of these belt volume elements should be more completely tested to pro-

vide a guideline for optimization of fatigue life (in the present study only the

stresses are considered) and to more closely approximate an exact life pre-

diction.

No significant difference ir_fatigue iife between the constant strain

belts of Phase A and the drape formed belts of Phase B was noted. On

visual examination, the scatter of Phase A poiy.ts was compatible with the

scatter of Phase ]3 points, although the conclusion was not statistically

checked due to the error in the original method of calculation, which resulted

in different stress levels between Phases A and B.

]

]

]

J

Examination of the interactions in Table 3 (Pg. 65) shows four inter-

actions which are clearly significant and two more which are probably Signi-

ficant. Two of the clearly significant intera ctior_s and one which is probably

significant involve thickness as one of the interacting variables, and the

length-width ratio (*width) is involved in the remainder with a clear inter-

action_tween these two variables. The interaction between the thickness

and width is a strong indication that the cross-sectional area (or possibly

volume of stressed material) is involved inversely with _atigue life. The

detrimental effect of thickness disappears at Z00°F and is reduced at a

29 SO. PASADENA AVE., PASADENA, CALIFORNIA _,
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higher stress ratio. The detrimental effect of length-to-width ratio is

effectively negated by an increased heat treat time. The detrimental effect

of increased length-to-width ratio almost exactly matches the pattern Of

thickness against stress ratio. Inboth of these last interactions the magnitude

of change indicated is appreciable (50%), but the variability of the data is

large enough so that it can only be said that the effect is probably significant.

The interaction between length-to-width ratio and cycling rate appearsto

be statistically significant; however, the deviation is so small compared to

the effect of length-to-width ratio alone that it is felt that this is probably

not really significant. In any case, the residual effect is so small it can

be neglected in life predictions.

For polyester there does appear to be a strong interaction between

heat treat time and length-to-width ratio, and it would be desirable to test

further to determine the optimum time for each combination. Further testing

of the relationship between thickness and operating temperature would be

useful in providing test data at elevated temperatures and Would provide

insight into the interaction.

The c onfide:,ce levels quoted for the curves of this report are really

quite conservative. At each stage the cui'ves were taken through the lowest

of the low points. The author did not have the •time or mathematical sophis-

tication to derive a procedure for plotting a faired curve, at a given confi-

dence level, through the test points.• If this procedure could be derived, a

longer life prediction at the given confidence level would result.

Page 15
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In summary_ it appears the best fatigue life i_ polyester belts will

result from optimizatiorx of belt stresses, volume elements, heat treat time,

and operating temperature.

has been thoroughly tested.

/_t the present stage, or_!y the stress variable

Further testing of the remaining variables is

desirable° Considering the results of the abbreviated testing of polyimide

materia!_ it is desirable to perform an extensive tesz to det'ermine its full

value.
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BELT FABRICA TION .,:

The fabrication of belts for this test program was done on the machine

shown in Figures 1, 2, 3 (Pg. 50) and bya proprietary drape-forming process"

All belts of Phase A were formed by one method (constant strain), It was

desired, ir phaseB, to test the effect of different methods of fabrication on

fatigue life, but technical difficulties required elimination of both planned

methods ar.d the comparison between them in this phase, and thedrape forming

method was substituted and used for all belts in Phase B, Experiep_ce with

polyimide indicated this last method to be the suitable or_e for Phase C also,

and it was used exclusively,

Two differe___tmechanisms were incorporated in this machine to sepa-

rate the spindles ar_d thereby stretch the beit blank into a flat belt. One

mechanism is a lead screw driven by a variable speed drive (see Fig. 2).

This e:.ab!ed us to set the rate of Strairl (which was held constant for any one

class of belt) at the desired value. Belts formed by this method are called

"constant strain" belts. In our experience belts formed in this way perform

satisfactorily; however, a theory of belt forming i_dicates that this may be

harmful° It assumes that there is a veryurmertain relationship between

the rate of strain and the rate of yielding, and the material may be carried

too close to the Ultimate Tensile Strength of the material, in spots, with

subsequent hidden damage. This theory concludes that the stress should be

held at a constant level as close to the yield point as practical.

i m
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The second feed mechanism was built into the be!t fabricating machine

to implement this "constant stress" method. This mechanism (shown in

Fig. 3) consists of a cable and a push-red assembly which applies a separating

force between the forming spindles equal to the 10ad on the end of the cable.

A!i Spindles are crowned by a 2° taper on both sides of a 3/4" flat,

with blended corners_ in order to maintain the be!t on the spindles. In use_

an oven is positioned to surround the forming spindles as shown in Fig. I.

The remaining •feature of the belt fabricating machir_e is the cooling system.

The forming spindles are heated during the er,_tireforming and heat-setting

period arid must be cooled before the belt is removed. Both spit±dies are

gun drilled r__early the fu!l length_ and a small centrifugal pump u_it, located

on the floor beneath the machine_ pumps _"_coo .... goi! through small stationary

tubes to the far end of the spindles. The cooling oil then __ows back freely

to the erd Of the spindle, is collected in a barjo-type fitting_ and drains back

to the pump unit. This cooling system can be seen in Figures 2 and 3.

The constant stress method was abandoned after several difficulties

were encountered with the technique. The first test belts fabricated by the

constant stress method revealed a design oversight° The basic assumption

had been that a constant !oad on the cable of the feed mechanism would

provide a constant stress onthe belt as it was-formed. Two things became

apparent when the first trial was made. First_ the load carrying area of

the belt blank varied from zero at the start to a maximum as the flat blank

was stretched into the cylindrical form. After the blank was pulled into

i
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cYlindrical form, continued elongation required• still higher loads° As a•first

attempt to solve this:problem, several belts were fabricated by starting with

a low weight and adding additional weights when the rate of yielding became

imperceptible. Most of these belts did stretch to their full elongation, but

the variation in width was excessive° As the entire assen_b].y was quite springy_

it was felt tb_a_, thzs excessive width " _ +" _ might be caused by load peaks

as the weights were added. The cab!eloading syste:n was then modified to

incorporate a bell crank so that the load on the belt varied as a sine function

of the elongation. A few trials were sufiicient to show that the load variation

was still inadequate° A load which was _just right at the start of forming would

,_._gth. The loading systemnot be enough to finish pulling the b!ar_k out to final _

was further modified to increase the load variation by mour_ting the cable drum

ofl center. The belts could be for,_ ed with this setup; however_ the width

variation was still excessive (about plus or n_inus twenty percent)° This large

variation in width was incompatible with proper control of the variables

I

tested. The time allotted for the test progra:n was rur_ing out and the pros-

pect of obtaining adequate unifor._= ity seemed dim enough to justify a Change

in the method of making belts with a Concon__itant c_:az:ge in the planned

fractional factorial design of Phase B.

The machine as origi_a!ly conceived and built for the constant strain

method, had a fixed feed rate which was selected as the average used for

the hand feed in our usual belt fabrication. Early experience With this

machine indicated that the usable feed rate varied inversely with theelonga-

tion of the it_her edge of the belt blank. A variable speed drive was interposed

1_ _: _:""_;,i., _L:_. i ' !::' _.'::: :
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in the constant strain feed mechanism and held at a fixed speed for any one

class of belt. After this was done, there were no further difficulties exper-

ienced with this method, and a11 phase A belts were formed by this method.

In Phase B_ the _ost severe forming (90% e!ongat'on of the inner edge)

required three hours to form the belts and did result in a useful yield. HOW-

ever_ this fabrication time was excessive in view of the allotted test time.

It was decided that the results of Phase A (using this method of forming)

could be applied to a conclusion in Phase B concerting the effect of forming

method on fatigue life.

tinued in Phase B.

Therefore, the constant strain n_ethod was discon-

The third method of forming be!ts_ which was substituted in Phase B,

can be called a drape forming process° In this precess, a forming mandrel

is preheated to the desired temperature ar_d a sheet of plastic film with a

hole of the pron_r s_ze is forced oyez the L_a__drel. This extrudes a short

tubular section which is "set" by a ti_ed soak at the forming temperature.

During the for_ning process and the subsequent heat soak, the internal orient-

ation of the fi£;m is changed permanently° At th& end of the soak period, the

mandrel and formed blank are que__ched in water, and the blank is removed

from the mandrel. For this test program, the mandrel was heated in a small

standard laboratory oven. This method was used in Phase B exclusively

for reasons mentioned previously, and in Phase C for convenience and ease

of control.

I_ F

i "
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It was decided thatthe widthvariation as formed was not compatible

with control of the other variables; therefore_ after forming, all belts were.
2

trimmed to width by shaving the edges: this was accomplished by holding a

razor blade against the edge of the belt while the belt was being run between

two pulleys. An older method_ grinding with anabrasive wheel_ was tried

and rejected as it was slower and more difficult to control.

These fabrication processes result in a high yield of cylindrical belts

w _h close dimensional tolerances:

+0.25% in length

÷0. 005% in width

+15% in thickness

No physical measure is taken of the tolerance on cylindrical shape, but any

convergence of the sides in acceptable belts is difficult, if not impossible,

to discern visually.

, ,x; t-_. " " , ';', _. .' ./ , L " ', _ .. ; " ;_ _, ' ':" .'.
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BELT •TESTERS

Figure 4 (Pg. 53) illustrates one of the testers used in this program.

The motor is a sp!it-phase svr_chronous ._otor arm can be equipped with

either of two sizes of drive pulley to vary the stress c>'cli:zgrate. At the

other end of the tester, the idler pulley assembly caF_ be seen. These two

pu!!eFs we.re crowr±ed by cutting a Z-inch radi_.s arc: across their width to

provide belt gu]danceo The idler pulley asset_bl'y incorporates several fea-

pulley and bearings are. pivoted i'__ the frar_e so that a normally open switch

is held closed by belt {e:_siO__o An adjastable stop li_irs the motion of the

puIley assembly and permits adjust_erlt for proper belt tzackilngo • The switch,

when closed, runs the recto: arzd at_ e-_apsed ti=.ne meter car_netted in parallel

with the motor. When. the. belt "breaks the sw(:ch epe;ns, 'stopping the motor

and the elapsed ti_m. e m_ te:r and turns or.. a n,-.or: lamp to provide a visual indi-

cation that the tester has stopmedo

To obtainthe maxi_u:.,_ tes_'.ng capacity w'.th a fixed material budget,

it was decided to equip each u._,_it with e_ght test spi:_d!e assemblies of variable

spindle diamete_ _o provide .the.belt stress p?tterr:o Eight bearing capsules

are mounted or_ the base of the tester between tb.e motor a__:d idler pulley.

The capsules are adjustable in a directior_ transverse, to the centeriine of the

tester. The capsules contain two R4 beari:__s a_:d can accept ar:y diameter

test spindle.

7
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, , ,,,,

' .The.testers were designed to be' scitab._,e for a wide range of tests.

• :: . - i -!

The test Spindles were obtained it_ several diametezs to provide different

• .14 :amounts ofbending stress in the beJls and were c"-_nd_ca19 without any

crowning° The belts can be tkreaded o-_tside a11 test sp_:_d_es or on alternate

sides(serpenQne) of the test spindies to obtain-vario:_s amounts of stress

range. The :insta!!ed stress can be varied over a w_de range for various

degress of bias° Sixteen testers were bu'lt fcr operation at room

temperature o Two additional testers were _nodii'ed for Operation at

elevated temPerat'areSo The modification rnere!y prev_ded.fc.r remote

mounting of the motor and a laboratory oven to p-'o,;ide the elevated

tempe ratur e envir onto ent o

The tes'.tec_nician was prz_,_ded,xitk a data sheet (Pg, 54)for each

test run° The data sY_eet _ "_..pe..,ed nut the fabricating and test conditions to

be used° The test condqtions wiaicb were spec_flcd were the fabrication

conditions, the operating temperat_re_ the test snindJ.e dzameter, the motor

pulley diameter, the threading._:attern and the?.oad'on !he idler pulley. The

test spindle diameter_ threading pa*.tern ar.d.L,a.d on the pulley determine the

severity of the fatigue loadingo The motor p::..-.'.ev size determines the

Cycling rateo The test technician, sets tke test be-lt locse?.y in place and

shifts the test spindles in or c;attc, obtai_ a_o.:t eq',,ai wrap (!5 ° ) on each

test spindle and to leave the idler with enough adjust.men_ tO .permit tension-

ingo The belt length was measured ur_,der a known tensior bef:-_e testing°

_" emblyThe tension was applied with a f'sh scale and the idler p-0_aey ass

locked in placeo The reading of the elapsed time indicator was recorded
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at the start and end of each teSto Once sta/_ed, the test ran continuously

until failure or until 108 stress cycles had been accumulatedo

. • + +

During the first tests it was found that the motors had excessive

starting acceleratior_ for the belts tested° The torque required to

accelerate the test spindles exceeded the capacity of the belts which then

slipped off the motor pulley° itwas necessary tO add a resistor in the

starting winding to reduce the startip_g acceleration to an acceptable value°

The smallest diameter test spindles (o100 inches) ran at a speed of

37,000 RPM and the capsule ran q:aite warmo At_ e_cessive number of

bearings failed under these conditions° It was finally determined that the

temperature rise upon start_up was causing the air inside the capsule

to pump the oil out of the bearings o This was cured by drilling a

breather hole it. the side of each capsuleo There were periods during the

test program when the test technician could not fabricate belts fast enough

to keep all the testers running° At other times he had to wait for a

tester to be open° It does not appear that the optimum number of testers

is very far from the number used°

+i •" . r .........

2g SO PASADENA AVE, PASADENA CALIFORNIA "',.. _ Page Z4



ANALYTICAL AND STATISTICAL TREATMENT

This test program is divided into three phases (A, B, C); of these.

statistically A and C are treated alike, while B is treated by a different

techniqueo The largest u_zmber of tests (P__ase A)was performed to

redetermine the fatigue life curve with known confidence levels and survival

levels at given sets of operatip.g conditions for pci!yCster belts° This data

was used to deduce and justify the method of calca!atiug belt fatigue

parametels iu any general operating conditionso Phase C consisted of a

similar although abbreviated test of polyimide belts_ The test conditions

were contro1.1ed at values commensurate with conditions we normally

employ° The other part of the test program (Phase B}was designed to

determine whether some of the fabricating or environmental variables had

statistically significant effects upon fatigue l_fe and also, if the effects

were significant, to det.ern_c the magnltude and direction of change°

In a previous report ou polyester lil.m bells b_" Licht & White (I) a

fatigue cur_e was presented° The test conditions for their test were a

fixed value of installed stress (1600 psi)_ which is lower than normally used

in practical application, and various levels of bending stress

( Elastic Modulus x belt thickness,
bending diameter _o The ordinate was plotted in terms

of the bending stress at the smallest pulley; an auxiliary scale on the

ordinate was plotted in terms of the pulley diameter to belt thickness

-ratio. C>_r first at_empt to generalize this curvewas made by the following

procedure :

i
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The maximum stress at the o-atermost fiber of the belt was calculated by

adding the bending stress to the slress due to installed tension.

stress in the outermost, fiber was simply the z.nsta.....d stress.

7
at that point on their fatigue curve where the life was l0 cycles. This point

on the curve was selected because the endurance limit stress range is

frequently (ar,d here) delined as the variable stress which, will give a life of

107 cycles.

The minimum

This was done

2"he maximum andminim'_m stresses determxned above, and the yield

and ultimate strengths of the material are combined :n a graphical method

for determination o£ tbe endurance !Jm_t vs mean stress (S + S ),
• ° ' m ax m in

Z

curve as shown below. This method and _.he ass,__.mot_._nthat the curves are

straight line

sit
S _

Y

sI
Sul t -

Sy_
Sma_

are standard for metal fatigue I/re computation (Pg. 84, Ref. ii.

+
1i

4-

s Is:l
v _.!t

S
mean

\

%

\

S S
y u!t "

Sm ean

The diagram :s drawn with the

operat!r_'_ stlress as the ordinate

and mean stress as tbe abscissa.

On these axes lhe ultimate (S)

and ,Field (S V) stress are marked

and tke corresponding points

(U, Y) pl_otted in the plane.

Now f_r the particular operating

stresses from above (10 7 cycles at

S } we plot S vs S and
mean max mean

S vs. S The line
miD_. mean.

con_ect'ngthese points covers the

range of stresses encountered in

this particular operation.

?<!, _ '_i-li ¸.'- • • ,, .?..:! ...... .......
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It seems evident that if the stress range were increased or decreased,

the life Would be inversely affected. "From analysis and experiment, the
• .. . • )

lines from U through these last two points to the ordinate determine the

bounds inside which fatigue life can be expected to be at least the value chosen

7
for endurance life (here 10 cycles). With stress ranging outside these

bounds, fatigue life "isexpected to be less than the endurance lifeo" (Pg. 84,

Ref ]l)o Normally, operation beyond the yield stress (S )is not desired;
o y

this determines the lines at Y as additior_al limits on the endurance diagram

"(hatchedarea)o This diagram is extended into the other half plane in the

same way o

This diagram is us'aally drawn from tests with f,_!ly reversed variable

stress° (S = 0)o In this case, we have worked backward from a
mean

known load pattern to determine the diagramo Implicit. in this diagram is

the assumption that the endurance limit varies linearly with the mean of t_.e

maximum and minimum stresseso The above diagram was modified to

simplify fatigue life computations. The stress range (maximum minus

minimun=, stress)was plotted against mean stress in a second diagram

shown below The two diagrams are eqziva!ent.

Line of Endurance Limit Stress Range

7

StreSSs-sRange flr_ife of i0 cycles)

max rain

_ 2 Sit

•"_ _J0

0 2 Sy (Sma x + Smi n)
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In this diagram .the abscissa was resca!ed and re!abe!ed with the sum

of the maximum and minimum stresses to save a division by two in every

calculationo The diagram is cut off at the peint where permanent yielding

would occur° Every point on the Er_d-_rance Limit Stress Range line

represents a set of values of stress range and mean stress wehich (it is

supposed) gives an expected life ef !07 cycles of streSSo Operation in the

hatched area. Willincrease the expected fatigae life wki!e operation out of it

will decrease the expected fatigue !!leo As before_ th_s diagram may be

extended to the negative abscissa°

The bending stress scale of the curve iv. the repozt by Li.cht & White

(1)was normalized and =amed stress ratio° The stress ratio was defined as

the ratio of the actuM stress range to the er,dzra_ce limit stress range at the

same mean stress (this definition was mod/ied later as a consequence of the

test data _ _ " -",n_e-¢e.upeo this program)° The procedt_re was then to determine

the sum and difference r,fthe maximum and minimu_n stzesseSo From the

sum (mean stress times 2) enter the d:agramabove and determine the

endurance limit stress range° Divide this value into the difference (stress

range) to obtain .the stress ratio° The normalized [atigue curve from

Licht & White is then entered with the stress ratio to determine the predicted

lifeo This curve however, is only as good as the test results which produced

it; the values for S and S are not absolute but have some statistical
u y

uncertainty; the values of operating stress S and S will not alwaysmax rain

7
produce I0 stress cycles before failureo 'The curve beca:_es fully useful

only when we know the limits of the many uncertainties involved in the curve
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determination. Statistically, the general argument on fatigue life reworded in

in terms of this study, is that if the fati.g:e lives of individual points on the

belts are even approximately normai!v distrfb_ated and all points on the. belt"

are subjected to the same number'of stress cycles, then testing the belt to

failure is equivalent to determining the shortest, lived p:,int in a very large

sample. Iz th:s process is repeated a large n:mber ol times, the failure

times of the shortest lived poLnts have a distrlhution of their own.

The above, whe°n done malhematically_ results in the expression

used (\Veiba!i Distribution)° Ifthe 2.ogarithm of life is plotted against

units of standard deviation of the distrJb,atiou f-:anction on a cumulative

basis, and if the function fits the pop ;-.'..a.tion,a straight line plot results.

The first few completed test_ runs of this program were used to verify the

validity of the Weibu!l Distribution as ,zsed here.

The values of this d:'stribstion function in terms of the several

parameters are tabaT.ated :n Refo 7 and Jn a somewhat _.ess useful form in

Ref. 2. Two methods for actual constr:_ction of Welbu!l Distribution

Probabi!iiv paper are shown in Appe>_d!x D (Pg. 85). The actual scale

is shown in terms of percent failed, and _.s non-linear.

When a finite sample is tested, all of the samples will fail if the

testing is continued. If, a f,_.rther sample :!.s added to the .original.

sample, it is known that the larger sample will probably show a wider

range of vai_.es and that the larger the sample, the wider the range. The

actual points in the original sample shoa!d be plotted where they would
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probably lie if an infinitely, large number of tests had been run, and these

tests were a part of this large number of tests.

This raises the question of what me_hod Should be used to plot the

test points in a position where they wqll best describe the expected distribu-

tion of infinitely ma._ytest points° This requires sonne adjustment of the

actual data; for plotting purposes since a finite samp]eis being tested.

Here, the relative nmnber of failures (port!on failed) is modified:

i.e., for the first failure of five replications, we would say 20 percent had

*failed, but for plotting purposes, this f_gure would he changed° Johns6n (Z)

advocates _he use of the median rank (_he percentage failed which the test -

point is equally likely to exceed or not) as a plotting position; however, this

value is dependent on_he distribution function. Gurnbel (4) advocates the

mode (the most frequent occurrence of the value) as _he plotting position.

The mode is independent of the distribution function ,$4)and was used

in this study as the plotting position° in terms of portion failed, the value

of the mode of the ruth failure in a sample of size n is m/(n +i). As,

for the example above, the life of the first failure of five replications would

be plotted at 1 (17 percent)°

5+1

The analysis procedure is to arrange the n tests in order of

increasing lives (rank) and then to plot each of these lives against its

corresponding plotting position. Due to sampling variations the actual

points will be scattered randomly about the straight line which would have

• i il ' . ...... ........ ...........
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resulted ifn Were infinitelylarge. This line is estimated by applying the

method of least squares to the test points. This calculation pro-_ides the

equation of the line which fits the test pointswith the smallest variation about

the line and also provides the standard deviation of the test points about this

line.

The next step in the calculations provides a prediction interval about

the best fit line, The prediction interval, a band extending on bo:h sides of

thc above straight llne, is calculated to include a pre- selected percentage of

all test points •that would be expected under the same conditions. In this study

the 90% prediction interval was selected. Then no more than 5g0 of future

test points could be expected to have lives shorter than the lower limit of the

prediction interval and no more than 5_0 of future test points could be expected

to have lives which exceed the upper limit. Since our concern is with how

long we can be uare tile equipment will be operable, the lower linnit of the

prediction interval is the one of interest° We can tht_-n say, ,,at least ninety

five times out of a hundred (a 95%0 confidence level), the •life, when a given

portion have failed, will exceed the value of the lower limit of the predictio n

interval of the same portion failed. " Most of the remaining five times

will be close to the lower limit. All this refers to test points obtained

under the same conditions of stress range and bias.

In this study 95% confidence level was selected as a useful com-

promise between assurance and economy of testing. Phases A and C, which

were determinations of fatigue curves for polyester and polyimide belts,
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were treated in this way. - :

The raw data points are also plotted on a stress ratio vs. life graph,

The stress ratio ( Stress Range ) had been Calculated

Endurance Limit Stress Range

before conducting the test by using the or_gina.l technique for the Endurance

IAmit Stress Range on Page 27. The points are then considered in relation

to the established fatigue curve and are used to check the test progress and

the coverage of the desired range.

@

p

Specific numerical details and the modified analysis are discussed

and developed in the following secl_on, Results and Analysis.

A great deal of work has been done to develop tesling techniques

for the deter1_inati0n of optimum conditions with several vhriables. It is

possible to test the effect of each \,ar_ab]e separate]y and then the effects

of each combination of variables and then determine the optimum condition.

This usually _nvolves an impractically large number of tests. Mathematical

analysis shows that the same accuracy and sensitivity can be achieved if all

the variab]es are tested in the proper combinations of conditions at the same

time in a much smaller number of tests. This testing m ethodis called

factorial testing and the set of combinations of conditions is a factorial

design. In a factorial design every, possible combination of variables is

tested once. The entire design can be repeated a s many times as

necessary to measure with th,e desired sensitivity° When a block of tests

has been completed according to a factorial design it is possible, by

, _ r . _ • "_ : .S. :. ;' '", 29 SO. PASADENA AVE., PASADENA, CALIFORNIA
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analytical techniques,

it had been the only variable, and the effect of each interaction'between

variables as though these variables were the only ones tested.

to separate out the effect of each variable as though

Still further economies in testing can be bought at the price of some

loss in sensitivity by properly selecting a fraction of the tests from a full

factorial design. This design is called a fractional factorial design. The

effects of at least some of the variables are mixed up ("confounded" is the

term used in this field) with the effects of some of the interactions. The

experimenter is able, with certain restrictions, to select which variables

are mixed with which interactions.

The design used in this study is a I/8 fractional factorial design

for eight variables at two levels. In this case three variables are mixed

up with four factor interactions. This phase of the study is intended to

determine which of the variables do have a significant effect and to

determine the direction of change of the variable which would result in

improved fatigue life. If significant effects are found, further testing would

be required to determine the optimum values. This further testing would be

restricted to those few variables which were found to be of interest. The

cost in terms of sensitivity in this screening test is not considered of

importance. A complete discussion of this type of testing is available in

Reference 8.
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RESULTS AND ANALYSIS : .

" The test conditions used and the lives obtained are tabulated in

Appendix A and B (Pg. 55)* The data is also shown graphically in the form of

scatter plots. Figure 6 shows the data for Phase A (polyeste_ film) with the

stress rat_4.oscalculated by lhe method developed as a result of the discrepan-

cies shown in b-'igure 5. (Fig. 5 is based on the first, now obsolete, method. )

Figure 7 shows the data for Phase C (polyimide film). Figures 15 and 16 in

Appendix C (Pg. 68) show the relationship between the endurance limit stress

range and the minimum stress in a stress cycle for polyester and polyimide

film belts, respectively. Figure 17 is the working fatigue curve which was

developed by this Study.

During the'course of lhe iesting program the behs which failed under

test were spot examined, q-he ,;isual appearance of ',he break followed one of

three general patterns. There: \vas no count made of the number of breaks

which followed each pattern. One form of break is chi_racterized by a fracture

surface substantially square to the surface and the length of the belt with a

small tit at one edge. The second general form of break is similar to the

first, except that the breakline would turn from Square to an angle -between

30 ° and 45 ° from the length of the belt, within ihe width of the belt, and then

turn back square. The third general pattern showed the same shape a.s the

second form except that delamination occurred in the area of the break. This

delamination could extend over enough area so that the break lines on the two

sarfaces of the belt were offset up to one-quarter inch.
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Atypical run from Phase A is shown plotted on a Weibull Plot in

Figure 8. The calculation Of the best fit line and the confidence band are

shown in Figure 9. The c0mputa_ion is covered in detail in Reference 3,

Page Z38. The interpreta'.ion of this plot is that the straight line is the best

estimate, based on the sa,mpie. ofthe line which would describe the relation-

ship between the life Obtained and the por,ion failed _I an infinitely large

number of belts had been run. There _s. howex-er_ a known degree of un-

certainty in the position and slope of the line due to the -rariation in the finite

sample tested. A further uncertainty is :_ntroduced in any other sample which

will be tested later. Tl_erefore: all that can be said for a subsequent sample

is that at least 90% (in tMs case} of the time the lives obtained at a given

portion failed will lie within the prediction interval°

Example: Given - Ten test runs wSth five belts each under the same

conditions as those which produced the Weibuli plot. Plot the live vs. %

failed for these new runs on the same plot. Result: Of the.ten points produced

by the first failure in each run, at least nine will be expected to Iie in the

prediction interval. The same predic,ionis made for the second failure in

each run, and so forth.

The 90% prediction interval was calculated so that we could say, "95o/o

of the time the lower limit of the interval would be equalled or exceeded. "

Each run of five belts was treated in *,hisway if at least three belts failed

before 108 cycles. All tests were s_opped at a life of 108 cycles of stress,

and less than three failures in five resulted in discarding (for analytical pur-

poses} the results because of the limited utility of the data.

• 29so. oAs,welvAAve.,p, sAoe,,,.C, UFORNh 
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each

The value of the slopes of the plot and the variability of the data about

line were tested by the use of Cochran's test for the homogenity of

variances (Reference 3._ Page i98). The slope of the Weibull plot is the

standard deviation of the distribution function. Here *.he standard deviation

is a measure of lhe spread in life of s;miiar belts under similar conditions.

Its square is the corresponding variance. Cochran's iest for a group of

variances consists of taking the ratio of the largesl variance in the group to

the sum of all the variances, and comparing .this ratio to that which would be

expected by random variation° This ratio is a function of the confidence level

selected, the number of variances in the group and the sample size for each

variance.

For the slopes of the plots the ratio is 0. 1375 compared to the tabu-

" (slope)2lated_alue of 0o !85 for the var,_ab]es in\-olved here° The variances

can be considered equal, ar."_,_,_;average -,,aiueof 1.437 of the variance

determines "the most probable x_alue of the slope as 1.20.

The variance of the points about the ]_ne is obtained as a step in the

method of least squares, and ifldicates the spread of points about the line.

In the same manner as above;- Cochran:s tesi indicates that these variances

can also be considered equal with a value of 0. 391.

These results verify tha_ one slope and one prediction interval can

be used for all plots° The fatigue life curves for any two portions failed will

have a constant ratio of lives. A similar test of the statistics of the polyimide

film belts (Phase C) shows that here also the slope and prediction interval

can each be considered common with values Of 1.22 and. O. 446 respectively.

i i,
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The distributions of the two materials are very close to each other.

The raw data points are plotted along with the established fatigue life

curve; the scatter plot shown in Figare 5 demonstrates the ,_dde divergence

between the lives obtained and the s:ress ra_ios calculated by our original

method. (Pg° 2"_ This discrepancy was ,Jery disconcerting. An examination

of the test conditions of the runs which were very short or very long lived

showed that the serpentine threading patlern was shorter lived than expected,

at low stress ratios, and the outside threading patiern longer lived than ex-

pected, at:high s_ress ratios. This clue indicated that an irr'..provedfit might

result from the use of a different _:alue of the modulus of elasticity. This was

tried for several _alues of the tensile modulus and only slight improvement

of the fit was noted. This approach seemed to be a dead end, Various other

approaches were tried w-lthout result. In each case: a correlation plot was

made between some ca]cu]ate_l value and the corresponding value determined

empirically.

It was finally determined that the apparent stress ratio (apparent is

used in the sense of observed) was the pertinent value to be used in the corre-

lation plots. The apparent sti-ess ratio for each run was determined by find-

S0ing the life for median survival (50 survival) at lhe lower limit of the pre-

diction interval (from the Weibull plot for each run). UsiI=g this life value

(cycles of stress), we find the value of the corresponding stress ratio on the

established fatigue curve. This is the apparent stress ratio. The apparent

endurance limit stress range for each run was then calculated by dividing the

stress range for that run by the apparent stress ratio.

, '. . ,
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is the ratio of the stress range to the endurance limit •stress range a simple

inversion explains this step.

These apparent endurance Hmits were then plotted against the mean

stress for each run. This plot showed two groupings. Eachgroup lay along a

line and the twolines were parallel to each other° At this _ime a suggestion

was found _n Reference 9.; Page 322, tha_ the endurance limit might be corre-

lated with the minimum stress _n the cycle ra_her than ihemean stress. This

was found to be true and ea.ch of the groupings was found to lie closer about

its average Hneo If you refer to Figure 10 and sMft each of the circles about

five inches to the right yO u will see _he appearance of the plot at this stage.

All the outside threading runs iay in one group and aii the serpentine threading

runs lay in the other group.

It would have been possible to set up two endurance limit stress range

curves, one for each threading pa_erno This would hax;e been clumsy and

unsatisf¥ingo Some un_x.ersa.llv app[icabie method would be easier to use

and would be used with more assurance° After some deliberation it was

realized that both Mdes of a belt: with a serpentine threadbng pattern (all the

test spindles were one diameier in any one l-es:) went through the same stress

cycle but that the stress cycle was appreciably different on both sides of a

belt withthe outside threading pattern. The inside surface of the belt corn-

presses when running on a pulley whiie the outMde stretches. This changes

the minimum stress in the cycle° The apparent endurance limlt stress

ranges were recalculated and replotted based on the stress cycle of the

inside of the belt and using the original value of the tensile modulus of

29 SO. PASADENA AVE,, PASADENA, CALIFORNIA
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elasticity° This brought the two groups together as shown in Figure 10.

The effect of different values of the tensile modulus was found to be

a shift of all the points along the direction of the trend line, This indicates

that an exact \,clue of the tensile modulus of elasticity is not necessary for

an accurate calculation of sir<_s ratio The same value used in calculating

the stress ranges for the curx_e must be used to enter the curve, but the only

t.

requirement is consistency. The curve for polyes._er film i.s based on a value

of 750,000 psi for the tensile modulus°

A curve is drawn through the lowest of the points in the above plot

and through the ultimate strength at a zero stress range to represent the

relationship between the endurance lilnit stress range and the minimum stress.

As a check for accuracy, the s:ress ratfos of all the _est runs were then

recalculated using the new endurance limit stress range curve and using the

new method° All the test points were rcp]otred as shown in Figure 6. It

will be seen that only four test points fall below the curve.

The fatigue curve was not changed° but it is now required that the

curve represenl the median failure rate with a 95% confidence level. In

other words: 95% of the time at leas_ one-hail of a sample will survive

at least as long as shown by the fatigue curve Figure 6.

':'-,_ 29 SO. PASADENA AVE., PASADENA, CALIFORNIA
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In retrospect, the resulting technique is'.

#I, Assume the validity of existing fatigue life curve

(shape and position).

#Z. Define this curv_ to be that for a particular percentage

failed, at a particular confidence leve]o (Here 50a/0

fai]ed_ 95_/0confidence level)°

#3 Mal,_e test runs to determine _he actual life at confidence

level and percemage failed from Weibul] Plot.

#4. Determine the Apparent Stress Ratio from l_os. I, 2, and

3.

#5. Calculate Apparenl Endurance Limit Stress Range

from #3 and known s_ress range.

#6. Construct a plot of #5 vs, minimum stress in the

stress cycle.

After the median failure leveJ curve has been established, the curves

for other survival levels can be de_erminedo It was previously shown that

the slopes of all the cumula1:,, e failure p!ots could be considered equal and

that the variances of the sample points about the best fit lines could also be
i

considered equal. This implies tha: the fatigue curves for two survival levels

will show a constant ratio at all stress ratios in the range tested. It is then

possible to construct a Weibull Plot with the average slope and the average

prediction interval and from this plot measure the ratio .of lives between any

two survival rates. This has been done for failure levels of I0_0 and 20_0

(really sample sizes of 10 and 5) at the 95g0 confidence level and .also for

the most probable value (50_0 confidence) of the median failure level. These

curves can be seen in Figure ]6. The solid curves are for a 95_0 confidence

level for the sample sizes shown on the curve and the dashed curve (50g0

confidence level) can be used to predict median (I out of 2) time to failure.

_X _ :, i i .iiii_.....__......! .........._!
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The data from Phase C, for polyimide film belts, was treated in the

same way as above. The resultant scatter plot is shown in Figure 7 and the

endurance limit stress range curve is shown in Figure 12. Use 590,000 psi

for the tensile modulus for th-ls curve° One obvious fact that appears is t}-_at

the endurance Iimit curve is 35% higher than for polyester film belts in the

range tested, •This higher endurance iimit and the lower tensile modulus of

elasticity should result in an increase in life of five times or more upon a

direct substitution..

It was shown earlier that the \Veibull slope and sampling Variabili_-

for polyinuide and polyester film behs were equal. The same set of fatigue

curves can then be used for both materials. ]t _s only necessary to use tb_e

endurance limit stress range curve for the material being used, The pol_-i:_ide

fihn used _n this phase of the test program was contributed by E. I; du Pont

de Nemours and Company, Inc.

The computations involved in an analysis of variance for the fractional

factorial design are very simple • and straightforward: butalso veTylaborious.

They are completely covered in various standard references, such as

Reference 8. In this study the computation was done by a standard computer

program and the Computer resuiis are summarized in _fable 3. The end

result of the analysis is a series of variance ratios which compare the vari-

ability caused by a change in level of the variable or interaction between

variables being considered and the random variability of the test data. This

ratio is then compared to the value of a function known as the F-distribution.
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The F-distribution is the maximum value the ratio could have, at a given

confidence ievel, due to sampling variability. If the F value is exceeded

the variable is said to have a (statistically) slgnif_cant effect.

These.comparisons are shown in Table 4 for the effects found to .be

significant° It should,be noted that the value of the F-distribution is a function

of the Confidence level and the degr'ees of freedom (roughly sample size) of

the numerator and denominator of the ratio under comparison.

In summary, the results of Phase A produced a few critical elements

which must be clearly emphasized° In temporal order they are:

All Weibull slopes and prediction intervals are shown approxi-

mately equal.

Z. Accept the established Fatigue Life curve, but only at 50%

Failure, 95% confidence level..

3. Use of Fatigue ]ifc curve and actual test life Weibull plots

to produce Apparent Endurance Limit Stress Range values.

(This instead of the original method of Page 26).

4. Establishment of minimum stress rather than mean stres.s

as the reference (bias) for plotting these Apparent Endurance

Limit Stress Range values to produce the curve for new pre-

• " dictions.

5. Change of the belt reference layer from that at the outside

of the bend at the pulley to that layer at the inside.

.'. • "

The results of Phase C are consistent with the techniques of Phase

A and are interpreted in the Conclusions and Results section, as are the

results of Phase A and B.

29'SO. PASADENA AVE., PASADENA, CA/_/FORN/A
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GLOSSARY OFTERMS FROM THIS REPORT

To facilitate use, the words are listed in alphabetical order and referenced

to a numerical sequence in logical order.

Ave rage 19 Mean Stress B

Belt Length
15 Median 2 0

Bending" Stre ss 4 Mode Zl

Bias 1Z Population 17

Confidence Band Z7 Portion Failed 29

Confidence l_vel 26 Prediction Interval 27

Correlation P]ot 3Z Probability Distribution Function Z5

Cumulative Failure Plot 28 Probabiiiiy of Survival 31

Distribution Function 25 Sample 18

Endurance Limit Stress Range

Factorial Testing

FactoriaI Design

Failure Level, Failure Rate

Fatigue Curve

Fatigue Failure

•Fatigue Life

Fatigue Loading

13

33

34

3o

ll

8

10

9

Serpentine

Standard Deviation

J

Strain (Unit Strain)

Stress

Stress Cycle

Stress Range

Stile s s Rat{o

Survival Level, Survival Rate

16

23

6

1

5

Z

14

31

F-distribution

Fractional Factorial Design

36

35

k

Loading Patti rn 5

Mean 19 Weibull Plot

:- ' ,i i (_.-i,_ ....
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Tensile (Young's) Modulus

Variance

Variance Ratio

7

Z2

Z4

Z5
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The following glossary defines briefly various terms from the Mechanics

of Materials and statistical fields which may not be familiar to many of the

people for whom this report is written. Thesedeflniti0ns are slanted to the

use in this report and are not complete. For compiete definitions and under-

standing of the terms and the implications in their use, refer to any standard

textbook in these fields.

1. Stress -. The total load normal to a cross section divided by

the cross sectiona] area. Ibis appties totensile and

"compressive stress and the area may be a differential

area if the stress _zaries.

Z. Stress Range - The largest algebraic difference between the values

of the stress at a point if the stress varies with time.

3. Mean Stress - Here is considered the algebraic average of the

largest and smallest values of stress at a point,
if the stress varies with time.

o ]Bending Stress - The stress induced in the belt as it changes direc-

tion. The outside layer is extended and the inside

layer is compressed,

5. Stress Cycle -

(loading pattern)

6. Unit Strain -

The repeated pattern of stresses experienced by a

point. Ma\, be repeated one or more times in one

belt revolution.

The change in length per unit length; the total change

in length divided by the original length.

. Tensile Modulus of Elasticity, or Youn$'s Modulus of Elasticity -
The ratio of stress to unit strain; also the slope of

a stress-unit strain curve.

8. Fatigue Failure - A failure which results from the repeated applica-

tion of varying stress which is lower than the

yield strength of the material.

. Fat.isue Loading - A pattern of stress variation which results in a

fatigue failure.
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Fatigue Life -

Fatigue Curve-

Bias -

The number of applications of (cycles of) a fatigue

loading cycle which a material undergoes before
failure.

A plot of the fatigue lives as a function of different

levels of a stress pattern. The fatigue life is usually

plotted on the abscissa with a logarithmic scale.

Any chosen measure of _he stress cycle (loading

patle:r.) u_ed as a reference, Frequently, the mean

stress is considered :he bias, but results of this

report _ndicate the algebraic minimum stress to be

the valid refer enceo

Endurance Limit

14. Stress Ratio -

Stress Range - That stress range which results in

an expected fatigue life of 107 cycles at a particular

bias level, The Endurance Limit Stress Range is,

considered to be determined by the bias. (The i0 _

cycles _,alue has been determined by experience to

be a threshold value, beyond which fatigue failures

become insignificant for some materials). Fully

reversed or unidirectional s_ress ranges are easily

obtained with existing fatigue testing machines°

A coined term \vh_ch has been introduced in this

report° The ra_o of a stress range with a given bias

to the endurance limit stress range wi'_h the same

bias.

15. Belt Len2__h-

16° Serpentine -

Circumference of the belt under a stated load.

A belt loading pattern resulting when the belt path

includes a reverse bend, (The outside belt layer at

one bend becomes the inside layer at another).

17, Population - The infinitely large group of items which can be

considered to have some characteristic in common.

The identification of the common characteristic is

dependent upon the use intended° This might be all

males between ]8 and 45 years of age, or all 1/16

inch diameter bearing balls, or the grades in

Freshman English, etc.

18. Sample - A f_nite sized group selected at random from the

population.

29 ,90. PASADENA AVE., PASADENA. CALIFORNIA
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19.

gO.

21.

ZZ.

Z3.

k

t

Mean -

(Ave rage )

Median -

The arithmetic average of the values of the variable.

The term may apply to the population or to a sample

from the population° As the sample size increases

the sample mean approaches the population mean

as a limit.

The value of the variable which di_4des all the values

of the variable exactly in half, The probability is

exactly one half t1_at an individual value of the variable

will be higher than or lower than the median. The

term may apply to the population or to a sample

from the population. As the sample size increases

the sample median approaches the population median

as a limit.

Mode - The most frequently occurring value of the variable.

It is possible for two or more modes to exist, but

this is usually the result of mixing that number of

populations.

Note: For populations with symmetrical density

functions, the mean: median and _node coincide

Variance -" A 1measure of variability. The arithmetic average

ofthc squares of the de\dations of the values of the

variable from a particular value of the variable.

Th_ ,_r'ance is normally calculated from the mean

of the variable. When the variance is calculated

from the mean it has the stag]lest possible value.

Standard Deviation - A measure of variability. The square root

of the variance.

24. Variance Ratio -

Note: The above definitions are exact for populations.

If computed for a sample, the sum of squares

. is di\dded by one less than the sample size to

obtain a better estimate of the population

parameters.

A comparison of the variabi]ities of two or more

samples. This is usually to determine whether two

or more samples can be considered to come from

the same population. Here we use la__r_r_er variance
• " sn_al!er variance

.......} i
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Probability Dis tributi on Func ti on

(WeibuI1 plot)

The mathematical description

of the probability that a value X or some.

].esser value will occur in a test. May.

be shown as a graph, where the ordinate

Y is the probability that some value less

than or eqaal to lhe corresponding

abscissa Xwill result from a particular

test.

The difference "between any two ordinates

is the probability that the testresult will

lie between the two corresponding absciss_

The distribution function is zero at minus

infinity and unity at plus infinity, and

change's somewhere in between. In.a

Normal Distribution the ordinate in-

creases smoothly and continuously from

minus _nfinity _o plus infinity with

asymptotes al zero and one° In a Weibull
distribution the ordinate is zero for all

negative values of _he variable and rises

smoothly and continuously to an asymptote

at one. but need not be asymptotic at zero,

Confidence Level - The minimum portion or percentage of

the t_n_es that the statement n-_ade will be

correcL This is also the probability

that • ihe slatement is correct° (Here 95°70

of_he time the belt will live at least as

long as predicted).

Z7o Confidence Band -

(Prediction interval)

A range of values which is expected (with

a stated probability) to include the test

value° IHere there is 90% probability

that belt life figures will lie inside the

band on each WeibuI1 Plot),

Cumulative Failure Plot - The Weibull Distribution used in failure

experiments where life is plotted against
relative number of failures.

K , : ;;_ . .._: ": ,,:. _. :. . ,. , ,
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Po rti on Fail e d -

Failure Level-

or Failure Rate

Surv_, a_ _ '. ¢3VCI

or Surxbval Rate

(Probability of

Survival )

Correlation Plot

Factorial Testing-

Factorial Design -

• The relative number of failures (e. g. , 1 out of 5}.

This figure may be modified to satisfy statistical

limits.

The number of failures divided by the sample

size.

The number of items which have not yet failed

divided by the sample size. The failure level

and the survi\,al level add to one, Bothof

these Terms are applied to a given degree or

time of exposure at a given level of stress.

A graph of 2 values to determine the relationship

between them,

Method of _estir.g a function of several variables

for the effect of each: without testing the

variables separately,

The actual combinations of conditions in a

Factorial TesL

Fractional Factorial Design - A more economical but less informa-
tix, e set of con_binations than a full Factorial

Design, A selected set from a Factorial Design.

F- Distribution - A malhemafical description of the maximum

values expected for a _:ariance ratio if the

effects were due _o random sampling variation

alone° It is a function of sample sizes and

desired ¢onf{dence level in the test.
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L. C. Johnson, Elsevier. 1964
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E. J. Gumbel, National Bureau of standards, AMS 33. •1954

Estimating Weibull-Distribution Parameters

J. Vo J. Ravenis II, Electro-Technology, March 1964

New Departure Topics, No. 2

New Departure Division of General Motors, Bristol, Conn.

Probability Tables for the Analysis of Extreme-Value Data

National Bureau of Standards: AMS 22_ 1953

Design and Analysis of Industrial Experiments, Second Edition

O. L. Davies, Hafner, 1963

Elements of Strength of Materials

S. Timoshenko and Go H. IviacCullough; p. Van N0strand 1947.

A_alysis of variance Computation Program

BMDOIV, Version of May 20_ 1964 by

Service Bureau Corporation. Los Angeles. California
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Probability I>istribution Function -
The mathematical description

(Weibull plot) of the probability that a value X or some

• lesser value will occur in a test. May.

be shown as a graph, where the ordinate _

Y is the probabi_i:y :hat some value less

than or equal to the corresponding

abscissa Xwi]l result from a particular

test.

•

"i'he differencebelween any two ordinates

is the probability that the testresult .will

lie between lhe lwo correspoAding abscissa

The distribulion function is zero at minus

infinit> _ and unity at plus infinity, and

change's somewhere in between. In a

Normal Distribution the ordinate in-

creases smoothly and continuously from

minus _nfinity to plus infinity with

asymptotes a; zero and one. In a Weibull

distribution ihe ordinate is zero for all

negative values of _he variable and rises

smoothly and continuously to an asymptote

al one° but need not be asymptotic at zero.

Confidence Level -
.......

L ,,,, - ,, , ,,,

Confidence Band-

(Prediction interval)

The minimum portion or percentage of

the tinges lhar the statement made will be

c orrec_o This _s also the probability

that the slalement is correct° (Here 95o/o

of ihe _ime _he belt will live at least as

long as predicted).

o

A range of values which is expected (with

a stated probability) _o include the test

value° (He re there is 90% probability

thai belt life figures will lie inside the

band on each WeibuI1 Plot).

Cumulative Failure Plot -
.........

The Weibu]l Distribution used in failure

experiments where life is plotted against

relative number of failures.

k , ;
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Portion Failed -
_

,, , , , ,

The relativenumber of failures (e. g. , 1 out of 5).

This fi.gure may be modified to satisfy statistical

limits.

Failure Level-

or Failure Rate

The number of failures divided by the sample

size.

Surv{_a] ! evel

or Surx-ival Rate
...... , ,,, ,.

(Probability of

Su rvi Val )

Correlation Plot
_

The number of items whichhave not yet failed

di-ided by the sampie size° The failure level

and the survix, a! level add to one. Both of

these Terms are applied to a given degree or

time of exposure at a given level of stress.

A graph of 2 values _o determine the relationship

between them. -

Factorial Testing - Method of _esting a function of several variables

for the effec_ of each- without testing the

variables s epara_elVo

Factorial Design- The. actual combinations of conditions in a

T-_act oria] Test.

Fractional Factorial Des__n- A more economical but less informa-
tix, e set of combinations than a full Factorial

Design° A selected set from., a Factorial Design,

F- Di stribution -

• ..

A mathematical description of the maximum

values expected for a x:ariance ratio if the

effects were due _o random sampling variation

alone° It is a function of sample sizes and

desired confidence level in the test.

L.;: " ' - " . •
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FATIGUE LIFE TEST DATA SHEET

Test No o

Test Combination No°

•Heat Treat Temperature

Material Thickness

Elongation

L/W Ratio

Stress Method

Heat Treat Time

Belt Width.

Operating Temper aDare

Stress Ratio

Cycle Rate

Test Spindle Diameter

Motor Pulley Diameter

Threading Pattern

Belt Zergth at 1 Ibo

Load on Pulley

Belt Angle Loaded

Test Started Date

Test Ended Date

Length of,Run

Belt Life

Belt made date

Material

DESIGN FABRICATION

Constar_t Constant

TEST

CPM

r,_om

I

actual

Time Meter Reading

Time Meter Reading

FIGU RE 5

MIN

MIN

MIN

Stress Cycle
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TABLE 1

APPENDIX A

SU.kf.MARY OF TEST CONDITIONS AND RESULTS

E - Polyester material. I - Polyimide material.

Thickness:, Test Pulley - belt thiekl!ess, pulley• diameters (inches)

CPgdl - cycles of stress per minute

:9 - Test stopped after 108 cyc:_es_ no failure

All belts were 2Z°l"long, °187" wide

Outside Thr eadin_ Se rpentine

Material

Thickness

Test Pulley
Ins talled

stress

Rate CPM

Thr eadi_g

Life in

10 5 cycles

5 tests

E E E

0005 .0005 .0005

oi00 ,]00 .i00

2,250 3,000 4_375

I, 940

Serp

4.91

Ii.0

11.3

45.4

Material E E E

Thickness _001 .002 .00Z

Test Pulley .i00 .250 .250

Installed 6,875 2,400 3, I00

stress

Rate CPM 1,940 3,880 3,880

Threading Serp Out Out

Life in 4.45 6.03 159

105 cycles 6.72 • 282

5 tests 7.70 * 478

1,940 1,940

Serp Serp

6.45 6.65

20.8 8.02

32.6 10.7

51.5 21.2

354 82.5

E E E E E

.00l °001 o001 .001 .001

°ZOO oZ00 °Z00 .ZOO .I00

2_250 3,000 4,375 3,700 5,500

I_940 1,940 1,940 3,880 3,880

Serp Serp Serp Out Out

2.69 1.94 3.49 49.9 56.6

5°75 5.58 22.4 218 Z9Z

i8.0 9.00 i00 306 420

126 30.0 103 813 439

217 66.5 128 * 443

E E E E E

.002 0002 .002 .002 .002

.250 .200 .200 .200 .I00

4,000 3,700 5_500 6,875 1,500

3:880 3,880 3,880 1,940 3,880

Chlt Out Out Serp Out

430 226 36.0 3.48 463

485 241 44.5 3.56 962

788 .798 97.9 3.88 970

' _,_. _03 108 4.72 1,030
* 18.2 *
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TABLE 1 (Continued}

Material

Thickness

Test Pulley

Installed

Stress

Rate CPM

Threading
Life in

10 5 cycles

5 tests

E

•003

.375

2, 400

3,880

Out

115

724

E

•003

.375

3,.100

E

.003

.375

4_ 000

i, _, _','__ ....

Material

Thic kne ss

Test Pulley

hsta!!ed

Stres s

Rate CPM

Threading

Life in

105 cycles

5 tests

E E E E E

.003 .003 °003 .003 .005

.300 .300 .200 .200 .500

3,700 5,500 3_625 4,050 3,700

3,880 3, 880 3,880 3, 880 39880 1,940

Out Out Out Out Out Ser p

1,010 178 447 44.7 25.5 1.11

213 702 76.1 55.7 1.49

361 _ 139 7702 1.77

382 _ 255 99°0 2.09

_ _ 350 749 2.74

E E E I i I I

.005 •005 .005 .001 .001 .001 .001

.500 .500 .250 .200 100 .100 .100

5,500 7,200 1,500 4,375 3_700 3,050 6,875

3,880

Out

15.9

26.1

222

338

416

I, 940

Serp

7o 27

7.30

130

14_

214

3,880 1_940 1,940

Out Serp Serp
264 9.02 5.55

338 25.6 9.05

435 30.6 40.0

480 94.6 46.1

850 95.5 69.0

3, 880

OUt

26.7

32.0

40.6

42. 1

83.7

3,880
Out

32.8

60.0

63.0

79.6

87.

29 SO. PASADENA AVE., PASADENA, CALIFORNIA

3,880

Out

37.2

69.5

236

350

I

•010

1.878

3,000

984

Serp

592
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FIGURE |0

MYLAR BELT STUDY_. REGRESSION ANALYSIS _YORKSHEETFOR SA&'PLE OF 5

M&'ItL_ MYLAR TH'CKNESSs _ mi| INSTALLED-_25 ps_ L/(# @20}i ELONGATIONz° S _RESS _ ,s%

% 2Z (.,'_- ; )_ Z Yi i =

Slope = b =

=_

-- ; ) = ZXl YI i J (EX_) (Z'_I) /_ : ZXi Yl

= T_*_ Y_- J--_ . ,.e_o

- 94,28L_1 /

.!8_.8_8_=

- ()-yi).,( 1.8_ao

_ _._8o

Estimate of y = y: a + bx =

2®28t =

+ I.P_t_q x

2 2

Sy, X.: (I/(n®2) ) (Z Y|"

=(_/3) (

2

(Z Y_)/r,- b Z(x,- _)

- _o_8O x

=(

= .957 i
y: x

90_ CONFIDENCE BAND ON

0
N f_i_ed at x tx °

80 2.8/4?
50 2,579
20 2_920
mo _,5':)'3

I 6.o5L_

13oe00_8 - IOoL_526b,9 )/_

-_ txoy= _+ (_y.x)

tx°(_,x)

= 0.91601

c)5_ ConfldenGe Band

on slope:

= b _+ i._a%,/x
= b + I.P.28x .c)_71

= b + 1,175
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APPENDIX B
2.7 .

TABLE 2

SUMMARY OF TEST CONDITIONS AND RESULTS FOR

FRACTIONAL FACTORIAL TEST "

Heat treat temperature

Material thickness

Elongation

Length to width ratio

Heat treat time

Operating temperature

Stress ratio

Cycle Rate .CPM

Test Conditions Li{e in

a Z75 Fo

b o001"

c 35%

d 70:1

e I/Z hour

f Room

g 1088

h I, 270

!05 Cycles of stress

AbcDEfgh

abcdEFgh

Ab Cd efgh

ab C De Fgb

a Bc Def g5

ABcdeFgh

aBCdEfgh

ABCDEFgh

abcdefGh

Abc De FGh

abCDEfGh

Ab Cd EF Gh

ABcdEfGh

aBcDEFGh

ABCDefGh

aBCdeFGh

abcdeigH

Abc De Fg H

ab C-DEf gH

AbCdEFgH

ABcdEfgH

aBcDEFgH

ABCDe[gH

aBCdeFgH

AbcDEfGH

abcdEFGH

AbCdefGH

abCDeFGH

aBc DefGH

ABcdeFGH

aBCdEfGH

ABCDEFGH
". - . . . •

Z41

38°2

413

19o4.

6°38

19Z

18o0

1309

847

12 oZ

16o5

163

77 o5

18 oZ

7 °57

160

443

ZZ9.
350

5007

90°5
Z2o4

18oZ

ZI9

90.Z

1Z3

46° 6

6°91

Z5.8

10o6

7°95

68°0

29 SO. PASADENA AVE., PASADENA, CALIFORNIA

A

B

C

D

E

F

G

H

325 Fo

o005"

90%
43:1

2 hour s

200 F o

2o50

3,810

All belts

were

ZZ01 "

Page64 '<,
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TABLE 3

SUMMARY OF ANALYSIS OF VARIANCE OF FRACTIONAL FACTORIAL

Variable

A o Heat Treat Temperature

Bo Material Thickness

Co Elongation

Do L/W Ratio

Eo Heat Treat Time'

Fo Operating Temperature

Go Stress Ratio

Ho Cycling Rate

Interaction

AB

AC

AD

AE

AF

AG

AH

BC

BD

BE

BF

BG

BH

CD

CE

CF

CG

CH

DE

DF

DG

DH

EF

EG

EH

FG

FH

GH

TEST

Variance

Ratio

0°2053

5.03 9I:_:-"

O°7964

5.65O8*

0.0107

0.2379

1.4287

0.0589

DoF. 90%

1/30 Zo88

F- Value

95%

4.17

99% Sig.

7.56

1.6553

0.3156

2.1315

0.5283

0o1400

0.6510

0.2205

2.1934

4. 0453

1.5986

4.3523

2.3551

Io5934

Z.II01

0.2524

0.8132

0o7302

0. 2695

4.4980

1.8905

2.4469

3.3000

0. 0779

0.7011

0. 1163

0.56O5

0.0929

I. 1327

3/28 2029 2.95 4.57

;:_Clearly significant

+Probably significant
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TABLE 4 " -

SUMMARY OF SAMPLE MEANS AND PERCENTAGE CHANGES OF

SIGNIFICANT VARIABLE AND TWO FACTOR INTERACTIONS

For single variable each mean has a sample size of 16

For two factor Interactions, each mean has a sample size of 8

Single Variable

Material thickness o001 " .005"

Cycles of stress I0.38 x 106 6.57 x 106

Percent 100070 -3707o

Length to width ratio:

Cycles of stress

Percent

Stress Ratio:

Cycles of Stress

Percent

70:1

10.5 x 106

lOO%

1.88
6

9.39 x ]0

]OO7o

40:1

10 66.49 x
-38070

2.50

7.26 x 106

-22 1/2o7o

i
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TABLE 4 (continued)

_'_i_i-!l _.

Two Factor Interactions

L/W

70:1

40:1

Thickness

o001"

5
i3o14 x I0

lOO7o

5
8o 19 x I0

-37 1127o

Operating Temp,

Room

200 F°

Thic kne ss

.001 "

5
14/.10 x 10

lOO7o
7 °69 x 105

-457o

.Stress Ratio:

l.88

2.5

Thickness

.001"

12.6 x 105

10070

8.54 x 105

-32%

Heat Treat Time

1/2

• L/W --70:1
5

13.6 x 10

10070
8.12 x 105

-4070

Stress Ratio

1.88

2.5

L/W--70:1

5
11.5 x I0

10070 5
9.58 x I0

-177o

Cycling rate i/W--70:1

I,270 12.4 x 105

10070. 5

3,810 81_0 _/10z%

:._ :.. [[ .. .... : . :_,...,................ :..i,,,,, . ..!_
_ .=,. d'", . _ :: " '] c' :' ,.. .. "",._ ...............' r. , - ' _ -

_9so. PAsASE_AAvEI PAsAoE_A.cAuroRN,A

Thic kne ss

o005"

5
8o39 x 10

-36%

5
5.14 x 10

-617o

Thicknes s

o005 "

5042 x 105

-617o
7= 96 x 105

-4370

Thickness

o005"

6o 99 x 105

-44 1/27o

6.18 x 105

-517o

L/W--40:1

5014 x 105

-6Z7o
8.21 x 105

-39 1/27o

L/W--40:I

5
7.66 x I0

-33 1/27_
5.50 x I0

-5Z7o

L/W--40:1

5.22 x 105

-5470 5
8.08x 10

-3 0%
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APPENDIX C

Procedure for Calculating Fatigue Life of Drive Belts

The procedure to be followed for a simple two pulley system will be

given and i_iustrated first° The added considerations for multiple pulley and

serpentine belt arrangements will then be discussed and illustrated°

1 o Enter the application of the given design in the box on the front of.

the wor k sheet, Figure 13 (Pgo 74)

Zo On the back of the work sheet, Figure 14 (Pgo 75) calculate the

changes in stress due to the torque transmitted and the bending at the

smalle st pulley o

o To determine the maximum and m_nimum values of the stress on the

inner side (the side in contactwith the pulleys) these stresses are

Combined. with the i.p_ta!ied stress in the appropriate blocks on

Fig° 14 (Oatside.pattern Max Stress ° Minimum Stress)° A tensile

stress is positive, = compressive stress negative, and the algebraic

values are used° The maximum and minimum stresses are transferre6

to the front of the worksheeto "

0 On the front of the work sheet, calculate the number of belt revolutions

per,houro

So Calculate the stress range (the algebraic difference between the

maximum and minimum streSS)o
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• " . .

Refer to Figure 15 or 16 (Pg. 76, 77), the cu-rves of the endurance

limit stress range and read the endurance limit stress range for the

minimum stress (Stain) in the stress •cycle. Be careful to use

Figure 15 for polyester material, and Figure 16 for polyimide;

observe carefully the sign of Smi n when entering either.

The stress range, found in (5) above, is divided by this value of the

endurance limit stress range to determine the stress ratio.

0

The fatigue life is then found by entering the fatigue life curve,

Figure 17, with the stress ratio and reading the life from the

appropriate curve.

Note: The choice of which curve to use is determined by the

reliability desired. 95%, 1 of 2 will provide 50%

reliability with 95% confidence (95 times out of i00

. neither of 2 belts will fail until after this many cycles).

I of 5 will provide 80% reliability at 95% confidence, etc.

Most probable 1 of 2 is 50% reliability at 50% confidence.

This latter is equivalent to the MTTF.

Once the life in cycles is determined it remains to discover the number d
4

cycles in one belt revolution, in order to convert from stress cycles life to

hours. • "

.

Choose any point on the inside of the belt, trace the changes in

I'0 o

stress experienced by this point as it moves through the belt path

back to the starting point:

How many times did the point experience approximately (80% is a

good dividing line) the full stress range, S to S ? Minor
• max rain

excursions of the stress compared to the calculated stress range do

"_ 2g SO. PASADENA AVE. PASADENA CALIFORNIA " "" 3j Page 69
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Ii.

IZ.

not count°

i

This whole number of times is the number of stress

cycles per revolution.

Divide life in stress cycles by stress cycles per belt revolution to

get life in belt revolution_,omit this step if there is one stress

cycle per belt revolution.

Divide belt life in revolutions by belt revolutions per hour to get

life in hours.

In the two pulley, speed changing case (one large, one small pulley)

the belt endures one stress cycle during each revolution of the belt so the

belt life in revolutions is equal to the number of stress cycles° This value is

divided by the belt revolutions per hour to get the prediction of life in hours.

The proper interpretation of this value is that at least 95% of the time all of

the lot of the size specified on the curve will survive at least as long as

indicated. The median tii_o_,to,failure is obtained by using the dashed curve

which is labeled 'most probable value'.

sample of this type.

Figures Z0 and Z1 show a worked-out

i

In the example covered above the bending stress at the second pulley

was appreciably iess than that at the driver and was not counted. If the

second pulley were equal in size or only slightly !arger than the driver_ the

belt would go through two complete stress cycles before returning to the •

starting point. •With three equal sized pulleys it would be three stress

cycles per revolution, etc. In any case, the life in stress cycles is divided

by the number of stress cycles per belt revolution to get the life in belt

_._ 2 SO. PASADENA AVE., PASADENA, CALIFORNIA ,_ Page .7 0



revolutions o .A good dividing point is 80%; if the second stress range exceeds

80% of the greatest stress range, count both.

belt bends in one direction only .

All the abov_ applies when the
":." . • .

In the serpentine arrangement where the belt undergoes a bending

reversal• it is necessary to deter_fine which side of the belt will have a

shorfer lifeo Inihis arrangement the stress range will be the same on both

belt sides; however, the S and S will in general be different on each
max rain

side° Since the Endurance Limit Stress Range decreases as Smin increases,

the side with the larger algebraic (=i000 psi is larger than -Z000 psi) value

of Smin will determine the shortest lived side of the belt (and therefore the

life cf the belt itself). To discover which side has the larger S
rain'

consider that Smin is produced by compression at a pulley. Each side of

the belt is in compression contact with a group of pulleys.• Of these two

gro-_ps, the group of pulleys with the smallest diameter will produce the

smallest Smino Use the other side of the belt for life calculations. If

there is any doubt, make separate calculations for each side and choose the

• worst°

For the serpentine arrangement, enter the belt data in Figure 13

and again calculate the stresses at the top of Figure 14. Now use these

stresses to calculate S and S using the serpentine block for S
m ax m in - m ax.

To. find the life in cycles transfer Smin

and proceed as for outside pattern belts.

and S to Figure 13
max
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To figure the number of stress cycles per revolution perform the

same point trace as for the outside pattern belto The number of times the

point experiences the full range of stresses as the point goes through the belt

path back to the starting point, is the number of cycles per revolution. A

double maximum or double minimum with no intervening Opposite extreme

value is not counted as a cycle for the serpentine arrangement° Figures ZZ

and 23 show a worked out example for a serpentine belt.

In general, after the stress ratio has been calculated, the appropriate

value of assured life can be read on Figure ]7o The dashed curve gives the

most probable value that the median life will exceed, The three solid curves

give lives that all of samples of the indicated sizes will exceed at least 95_/0

of the time° This is presented in the usual form of fatigue curves. The

specification Of reliability requires data which is shown implicitly in the set

of curves in Fig° 17o This data has been extracted and shown explicitly in

Figures 18 and 19o 6

Median Time to Failure may bespecified as some value which must

be exceeded. The procedure above predicts the most probable median life

(from the dashed curve). This is equivalent to the mean life in symmetrical

distributions. When the predicted median life (taken from the dashed curve

in Fig. 17) exceeds the required life the design is considered adequate.

The life requirement roay also be specified by stating a required

.probability of survival ("reliability")for some fixed length of time (which is

determined by the mission). The probability of survival of a given design

29 SO. PASADENA AVE., PASADENA. CALIFORNIA .... _i Page 7Z
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is then determined and it must equal or exceed the required value-to be sure

of adequate life. This is done by the use of Figs. 18 and 19.

Figure 18 shows the entire life history for various st:tess ratios.

These curves can be read directly for various levels of probability of

survival except that the cu_ -,es interfere with each other at levels above 95%.

The life (in cycles of stress) at the required probability of survival (or the -

probability of survival at the required life) may be read (as desired) and

co;_pared to the required value of life (or probability of survival).

Figure 19 expands the upper 10% of the probability of survival

scale and normalizes the life scale so a single curve is shown. The median

life for th e design (the dashed curve in Fig. 17) is divided into the required

life to obtain the life ratio and the probability of survival is read.

Alternatively, the life ratio can be road for the requiredprobabi!ity of

survival; the life ratio is then multiplied by the median life to obtain the

most probable life at the specified probability of survival.

It should be noted that the ordinate of Figure 19 is an inverted log

scale and the numbering should be read carefully to avoid errors. Figures

18 and 19are obtained by replotting points from the best fit line on a

Weibull Plot for eacl_ stress ratio for Figure 18. • These two Figures , 18and

19, are therefore at the 50% confidence level.
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Name

Date

FATIGUE LIFE CALCULATION WORKSHEET

Part No.

Belt Length in. Thickness (t) in, Width (w) in,

Installed Stress So__

Driver Diam. D d

psi Torque: M = lb. in. OZ. in.

in, i Speed

(Convert torque ro lb. in, if given in oz, in, )

RPM Required Life:

Sma]l_ Pulley Diam. D s

This data fr-om design or application

in. Pulley Diam, D

(Life Controlling)

hrs.

Stress Cycles per Belt Rev. =

Belt Revolutions per Hour =

Stress Range = S max - S

Minimum Stress S rain ....

Endurance Limit = Sel

x D d3. 14 x RPM x 60

Z

= 188 ( ) ( ) x

rain =(
( )

) - (

psi

Stress Ratio = Stress Range _(

S el (

psi from Fig, 15 or 16

= Rev/hr.

psi

Life =

•Belt•Life =

Cycles Of stress from Fig, 17"

revolutions of belt

= hours ( Most Probable Value

( For lot of at 95% confidence level.

% Probability of Survival for at least

Calculate S max and S rain on reverse side.

, . ;0 .
hours of operation

FiguA 13 Page 74
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%

Change in stress due

ST .M

D d tw

E = 7.5 x

=- 5.9x

to transmitted torque:

•-- ..... , (

(. ) (

105 for Polyester )

)
105 for Polyimide )

) (

_ _r_

fl.

)

USE NO O_THER VALUES

( '- _ •Bending stress at Smallest Pulley on Life c:m_rolhng side:

SD = E t = ( x 10 5 ) ( )

D ( )

Bending stress at Smallest Pulley in Serpentine System

psi

psi

(on Opposite side of belt):

Ss = E t _- ( x 10 5) ( )

D s .. ( )

Max Stress Outside Pattern !

.psi

Max Stress Serpentine Pattern:;_

So,

Plus S T =

S ._

O

Plus ST =

S
max Sub-total =

Minimum Stress

S , . --.

O

All Patte rns :

Plus Ss_

S =
max

Minus S T =

Sub-total =

Minus _D =

Smi n =

Figure 14

;_Note : Base Calculations on side of

belt which is in contact with

pulleys. If both sides contacl

pulleys (with reversed bendi]

use the side of the belt which

results in the algebraic highe

value of Smi n.
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Name

Date

FATIGUE LIFE CALCULATION WORKSHEET

PLAYBACK DRIVE BELT Part No. ---

Belt Length 8. 37 in.

Installed stress So 2,500 psi

Drix_rDiam. D d . 1875 in.

Thickness (t) . 001 in. Width (w) . 1875 in.

Torque: M = . 0214 lb. in. -- oz. in.

(Convert torque to lb. in, if given in oz. in, )

Speed 4,000 RPM Required Life:

hrs.

Smallest PulleyDiam. D --
s

This data from design or application

in. Pulley Diam. D. in.

(Life Controlling)

Stress Cycles per Belt Rev. =

Belt Revolutions per Hour

Stress Range = S max " S rain = (3, 108

Minimum Stress Stain. -2, 108

3. 14 x D d x RPM x 60

L

'._'. (.1875) (4, ooo ) x_
(8.37)

t

) - (-z,1o8 ) =

psi

3. 58* 1, 880

32

5,216

Endurance Limit = S el 3,250

Stress Ratio = Stress Ranse _

S el

psi from Fig. 15 or

( 5,216 )
- 1.60

( 3, z5o )

Life = 1.3 x 106 cycles of stress from Fig. 17

16

Belt Life = 1. 3 x 106 revolutions of belt

= 692 hours ( Most Probab!c Va!uc
( For lot of 2 at 95% confidence level.

. % Probability of Survival for at least hours of operation

Calculate S and S on reverse side
max min

* Duty cycle correction in

this application Figure 20

Rev/hr.

psi
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- : . -.

Change in stress due to transmitted torque:

sT = M = ( .0ZI4 )
D d tw ( .1875

E = 7.5 x 105 for Polyester )

)

= 5.9 X 105 for Polyimide )

) ( .001 ) ( .1875 )

USE NO OTHER VALUES

608 psi

Bending stress at Smal]est Pulley on Life c_ntro!iing side:

S D = E t = (7.5 x 105 ) { .001 )

D ( .18V5 )
= 4_ 000 psi

Bending stress at Smallest Pulley in Serpentine System (on opposite side of belt):

S s = E t =( x 105) (

Ds ( )
) = --- psi

Max Stress Outside Pattern:

S o = 2,500

Plus S T = 6O8

3, 108S max =

r

Minimum Stress All Patterns:

SO =
2,500

608

I, 892

4,000

Max Stress Serpe, ntine Pattern:;_

S O =

Plus S T =

Sub -total =

Plus S s

Sma x •

- Minus S T = ;:-"Note:

,Sub-total =

Minus S D .=

__ --in.............
:.. -.:::_ ;

= - 2,108 "

Base Calculations on side of

belt which is in contact with

•pulleys, If both sides contact

pulleys (with reversed bending)
use the side of the belt which

results in the algebraic highest

value of S,_n.... .
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. Date - -

FATIGUE LIFE CALCULATION WORKSHEET

Name SERPENTINE BELT Part No.

Belt Length 37. 5 in

Installed stress So 2,940 ps_

DriverDiam. Dd. . 3125 in.

Thickness (t) .0015 in. Width (w) •375 in.

Torque: M = .156 lb. in.

(Convert torque to lb. in.

Speed 120 RPM

if given in oz.

oz. in.

in. )

Required Life:

8,800 hrs.

Smallest Pulley Diam. D .3125 in.
s

This data from design or application

Pulley Diam. D.

(Life Controlling)

• 625 in.

Stress Cycles per Belt Rev. = 2

Belt Revolutions per Hour =

Stress P_nge = S max- S

Minimum Stress S Inin

Endurance Limit - Sel

Stress Ratio =

3. 14

= 188

rain =

x D d x I_PM x 60

L

.3125 ) ( 120 )

( 37.5 )
(7; 430 ) - ( +250

+250

2,500

Stress Ranse ( 7,180

S el ( 2,500

psi

psi from Fig.

) = 2.87
)

x

15 or 16

-J•

8O

188

psi

Rev/hr.

Life = 2.0 x 10 5

Belt Life = I.0 x I05

cycles of stress from Fig.

revolutions of belt

17

= 532 hours (h{c_stProba51c Va!uc

( For lot of 2 at 95% confidence level. •

% Probability of Survival for at least Hours of operation

Calculate S and S on reverse side
max rain

Figure 22
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Change in stress due to transmitted torque:

ST = M = ( .I56 )

E

D d tw

= 7.5x 105

= 5.9x 105

( .3125 ) (.0015) (.3.75)

for Polyester )

)
for Polyimide )

890 psi

USE NO OTHER VALUES

Bending stress at Smallest Pulley on Life Controlling Side:

SD = E t ( 7.5 x 105) ( 0015 ) 1,800 psi

D ( .625 )

Bending stress at Smallest Pulley in Serpentine System (on opposite side of belt):

S s = E t = ( 7. 5 x 105 ) ( .0015 ) = 3, 600 psi

D s ( .3125 )

Max. Stress

So =

Plus S T =

Sma x =

Outside Pattern:

Minimum Stress

SO =

Minus S T =

Sub-total =

Minus SD =

Smin =

All Pattern s:

2,940

890

2,050

I, 800

+ 250

Max, Stress

So =

Plus S T =

Sub-total =

Plus Ss =

6

S =
max

Serpentine Pattern:*

2, 94O

89O

:,:

3, 600

7,430

;:' Note : Base Calculations on side of

belt which is in contact x_-ith

pulleys. If both sides contact

pulleys (with reversed bending)
use the side of the belt which

results in the a]gebraic highest

value of Smin.

Figure 23
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; ..APPENDIX D " - ' . .

Procedure folr Laying Out Weibull Distribution Probability Paper

There are two basic techniques which can be used to lay out the portion

failed (cttmulative probability) scale. The first is by measurement and the

second is a graphical technique. In any case, the size of the probability

scale has a fixed relationship to the length of the logarithmic scale cycle.

The values to be used in these two methods are derived from Table Z in

ReferenCe 7," " ..

The first method utilizes the first and fourth columns in Table 5. The

fourth column provides the position of the corresponding portion failed (in

column one). Select the range of values to be covered and lay out the Weibull

Distribution scale on the abscissa with the logarithmic scale on the ordinate.

The origin should be locatc_a about two-thirds from the left-hand margin.

This arrangement of scales permits the direct use of the method of least

squares. The opposite arrangement of scales would require the interchang-

ing of subscripts in the forms with greater chance of error in the.trans-

position of subscripts.

The second method uses the first and fifth column in Table 5. Plot a

three-cycle log scale on the ordinate (semi-logarithmic paper may be used).

Draw a vertical line in a position about two-thirds from the left-hand margin.

Draw a line at 45 ° through the intersection of this vertical line and the end

of the second log cycle from the bottom, with a positive slope (from the lower

k , , • , . . , , . *, , : - . . . ' . ,*

: 29 ,SO. PASADENA AVE., PASADENA, CALIFORNIA

i ___
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left to the upper right).

.... %g:7q 
i

'The Vertical line is the 50% failed point. Select

any other percent failed value and read the corresponding number in the fifth

column. The intersection of the number from the fifth column read on the

log scale with the 45 ° line is the location of the corresponding percent

failed value. Draw a vertical line through this intersection and label.

Table 5 was derived from TaBle 2 Reference 7 in the following
-.

manner: The values of _is subtracted from 1 to change the maxima in the

reference into minima. The second column is taken directly from the column

headed "y". This is the number of standard deviations to the value of percent

failed from the mean of the function. The third column is a shift of the origin

from the mean to the median of the function. The fourth column is obtained

by multiplying the third column by 0.43428, a scale change to make a

standard deviation equal in length to a log cycle. This makes the slope of the

cumulative plot equal to the standard deviation of the distribution. The fifth

column is the common antilogarithm of the fourth column. The value in the

fifth column can also be found in Table 4f Reference 2. This method of

derivation is given so that additional points may be obtained by recourse

to Reference 7.
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TABLE 5

Portion

0.001

0.005

0.01

0.05

0.i0

0.15

0.20

0.35

0.30

0.35

0.40

0.45

0.50

0..55

O.6O

0.65

0.70

0.75

0.8O

0.85 •

Plotting

Sigma

-6.9O73

-5=3958

-4.6002

-2. 9702

-3°3500

-1.8170

-1.5000

-1.3459

-1.0309

-0.8423

: •0.0486

0. 1856

0.3266

0.4759

0.6403

0.90 0.8340

0.95 1.0973

0.99 1.5372

0,995 1.6674

0.999 1.9336

7

Weibull Distribution Probability Paper

X in Log

Sigma Cycle

+0.3665 Base Lengths

-6.5408

-4.9393

-4°3337

-2.6 O37

-1.8835

-1.4505

-1.1335

-D.8749

-0.6644

-0.4757

-0.3053

-0.1479

0.0000

0.1415

0.3791

0.4151

0.5531

0.6931

0.8424

1.0068

1.3005

1.4637

1.8937

Z. 0339

3,2991

-Z.8405

-3.1407

-1.8386

-I.1307

-0,8180

-0.6299

-0.4922

-0o3819

-0.2885

-0.2066

-0. 1335

-0.0642

0o0000

0.0614

0.1313

o.18o3
0._398

0.3010

0.3656

0.4372

0.5314

0.6356

0.8334

0.883Z

0.9984

Reading On

Log Scle

0.00144

0°00723

0.0145

0.0740

0..1521

0.2345

0.3ZZ0

0.4150

0o5146

0.6314

0.7371

0.8636

1°0000

1.153

1.334

1 o515

1.737

3.000

3.331

3.737

3.333

4.331

6.644

7. 643

9.963

f

ii
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